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ABSTRACT
In recent years the use of thermoplastics has become popular in aerospace applications,
with a primary focus on fiber-reinforced composites. Displaying greatly improved mechanical
properties, new components using these materials still need to be characterized and their
suitability for aviation applications demonstrated. A common restriction to the implementa-
tion of fiber-reinforced thermoplastic parts is the almost default autoclave manufacturing,
which is both time consuming and expensive. Aiming for a more economical final product,
this study utilizes a one-step in-situ Automated Fiber Placement (AFP) process to produce
samples for mechanical and thermal characterization. The recently developed and highly
popular material CF/LM-PAEK was used within this study, with the four major AFP process-
ing parameters varied to assess material sensitivity. Test samples were manufactured using
Design of Experiment (DoE). Subsequently, single lap shear (SLS) and differential scanning
calorimetry (DSC) tests were performed to assess consolidation quality. With rising tooling
temperature, both SLS strength and crystallinity increase up to 31MPa and 25%, respect-
ively. A post-manufacturing tempering process improved crystallinity of the tested CF/LM-
PAEK specimens up to 29% and SLS strength up to 38MPa. Within the tested parameter
range, CF/LM-PAEK appeared to be unaffected by increasing layup speed, which is a promis-
ing aspect with regard to faster industrial production.
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1. Introduction
Aircraft structures have the requirements to be light,
strong and reliable. To improve these structures,
newly developed materials as well as fiber compo-
sites are under investigation. In addition, new and
advanced manufacturing processes lead to a more
economical production. Figure 1 depicts technolo-
gies which are studied at the German Aerospace
Center’s Institute for Structures and Design and can
be used for manufacturing a thermoplastic fuselage.
The fuselage skin is manufactured by means of the
Automated Fiber Placement (AFP) Technology. The
same process also enables the integration of local rein-
forcements. Stringers and frames are attached to the
skin by ultrasonic and resistance welding, respectively.
Understanding of the tape laying process is the
basic requirement for a future manufacturing of a
fuselage skin. This paper deals with a new fiber-rein-
forced thermoplastic material with respect to the AFP
process and the essential manufacturing parameters.
2. Materials and methods
2.1. AFP facility at DLR
The manufacturing of all specimens took place in the
tape laying facility at the DLR in Stuttgart which is pic-
tured in Figure 2. The used setup consists of a Multi
Tape Laying Head (MTLH) developed by the company
Automated Fiber Placement Technology (AFPT)
mounted on a six degree-of-freedom robotic arm. The
MTLH enables the placement of up to three 0.5 in uni-
directional (UD) prepreg tapes or single tapes of varying
width between 0.5 in and 1.5 in. The tapes are laid
down on a two degree-of-freedom heatable planar metal-
lic tooling surface. The layup speed can be increased to
up to 15 m/min. The energy for heating up the tapes is
provided by a 6kW diode laser (k¼ 1000nm).
2.2. Fiber-reinforced thermoplastic material
The material examined in this study is a unidirec-
tional thermoplastic prepreg tape consisting of
standard modulus carbon fibers and a newly devel-
oped matrix material. This matrix material is a
copolymer pertaining to the poly-aryl-ether-ketone
(PAEK) family. It is called Low-Melt PAEK (LM-
PAEK) and has been designed to exhibit a lower
bulk melting temperature and melt viscosity than
the standard PEEK material. The properties of the
prepreg tape are listed in Table 1.
2.3. Critical process parameters
The in-situ consolidation process as core aspect of
AFP is illustrated in Figure 3. The incoming tape
is directed toward the tooling surface. The laser
beam heats up the tape and the tooling surface (or
the substrate of already deposited tapes), respect-
ively. The compaction roller presses the new tape
onto the substrate. The temperature at the nip
point, the point in the fusion zone under the com-
paction roller, is measured by an IR camera and is
used as an input value for the control of the
laser power.
The critical process parameters [2,3] pressure p,
velocity v, tooling temperature Ttool and nip point
temperature Tnp are displayed in Figure 3. The
investigated value ranges of these parameters are
listed in Table 2. All specimens were produced with
a pressure of 6 bar. Layup speeds of 7.5 and 15 m/
min were investigated. The nip point temperature
was set to 350 or 410 C. The tooling was either kept
at room temperature or heated to a tooling tempera-
ture of 200 C. Furthermore the influence of a follow
up tempering process was investigated. The specimens
were kept in an oven at 290 C for about 17h.
Figure 1. Technologies from DLR’s Institute of Structures
and Design (BT) in a thermoplastic fuselage.
Figure 2. DLR’s thermoplastic AFP facility in
Stuttgart, Germany.
Table 1. Material properties of unidirectional CF/LM-PAEK
tape [1].
Property CF/LM-PAEK
Prepreg Cetex TC 1225
Matrix LM PAEK
Fiber T700
Fiber mass fraction (wf) (%) 66
Tape width (mm) 12.7 (¼ 0.5 in)
Manufacturer Toray Advanced Composites
Melt temperature (Tm) (C) 305
Glass transition temperature (Tg) (C) 147
Crystallization enthalpy (Href) (J/g) 130
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2.4. Characterization methods
Both thermal and mechanical properties of the
material were investigated. Thermal properties were
measured via DSC and used to determine the crys-
tallinity. The interlaminar bonding strength was
determined through a specifically developed single
lap shear test which is described below.
2.4.1. Differential scanning calorimetry (DSC)
In order to determine the crystallinity, measurements
were performed with a NETZSCH DSC 214 Polyma
device. In the process aluminum crucibles were used.
Nitrogen was chosen as purging and protective gas.
Specimens were cut out with pliers and had on aver-
age weights of 6.7mg. The respective sample and a
reference were heated up to 350 C with a heating rate
of 10 C/min, held isothermal for three minutes, and
cooled down with a rate of 10 C/min. Data evaluation
was performed by using the NETZSCH ProteusVR
Software. With the determined heat flow differences
between sample and reference (DHm and DHc), the
degree of crystallinity Xc can be calculated with the
following formula [4]:
Xc ¼ DHmj jjDHcjDHref 1 wfð Þ %
½  (1)
under consideration of the tape material properties
given in Table 1.
2.4.2. Single lap shear (SLS) test
The method used in this paper to evaluate the inter-
laminar bonding strength was developed at the DLR
Institute of Structures and Design in Stuttgart and is
described in [2]. The procedure assesses the consoli-
dation and bonding of the polymer matrix under
shear conditions. For this purpose specimens with
the geometry displayed in Figure 4 were produced
as shown in the image in Figure 5. Two layers of
individual tracks of CF/LM-PAEK were placed on
the tooling surface. Polyimide adhesive tape (Kapton
film) with a thickness of 60lm was subsequently
placed in two 5-mm-apart double courses perpen-
dicular over the stripes. After that, two more layers
were placed on the first two tracks. To evaluate the
bonding region the tapes were cut through on
opposite lying sides. The shear force thus takes
effect in the predefined region in between the
Kapton films. To obtain tensile-shear values, the
samples were clamped in a ZwickRoell 200 kN
machine and were tensile tested until failure at a
rate of 1mm/min. The data was recorded with the
testing software testXpert II.
3. Results
In the following sections the impact of the varying
process parameters on the resulting crystallinity and
single lap shear strength (SLS strength) values are
Figure 3. AFP process.
Table 2. Variation of the critical process parameter values
in this study.
Parameter Values
p (bar) 6
v (m/min) 7.5 15
Tnp (C) 350 410
Ttool (C) Unheated 200
Ttemper (C) Untempered 290
a
a Tempered for 17 h.
Figure 4. SLS sample geometry [2].
Figure 5. Exemplary specimen production at DLR’s
AFP facility.
Figure 6. DSC measurements of AFP-produced samples.
Top: unheated tool (20 C), Bottom: 200 C (v¼ 7.5 m/min,
Tnp ¼ 410 C, p¼ 6 bar, untempered).
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presented and compared. The median degree of
crystallinity, deviation and outliers are displayed
within box plots. Affiliated medians and standard
deviation are reported in the related tables.
SLS strength values are plotted and documented
accordingly.
3.1. Effect of heated tooling
As a result of DSC measurements two entropy
curves are displayed in Figure 6. The upper curve
shows the test results of a specimen, produced with
an unheated tooling. In comparison, the lower curve
depicts the results of a specimen produced with a
tooling temperature of 200 C.
Both curves show a characteristic step at around
150 C, marking the glass transition region. In the
temperature range of 170 C to 200 C the cold crys-
tallization takes place. The exothermic peak is more
distinct for the unheated tooling configuration. The
endothermic peaks above temperatures of 250 C char-
acterize the crystalline melting. Melting takes place at
around 305 C. Linear baselines were chosen for the
area calculations. For comparability, the limits of
160–215 C for the cold crystallization and 255–330 C
for the melting crystallization respectively were applied
to all evaluations within this study.
Figure 7a points out an increase in crystallinity
with rising tooling temperature. An increase of tool-
ing temperature from 20 C (unheated) to 200 C
yields proportional gains in crystallinity of 256%
and 152% for 350 C and 410 C nip point tempera-
ture, respectively. A 41% (Tnp ¼ 350 C) and a 15%
(Tnp ¼ 410 C) increase in single lap shear strength
can be determined from Figure 7b.
The underlying statistical values of Figure 7 can
be taken from Table 3. The statistic values are calcu-
lated based on nine DSC values and six SLS values
per data set. The standard deviations vary. The max-
imum crystallinity standard deviation is 5.05%.
3.2. Effect of layup speed
The layup speed is a key parameter for consolida-
tion, since it defines the time that the tape spends
in the nip point area and under the compac-
tion roller.
Figure 8 shows that both crystallinity (a) and sin-
gle lap shear strength (b) remain at the same level
with rising layup speed from 7.5 to 15 m/min.
Table 4 lists the statistical values of the parameter
set pictured in Figure 8.
3.3. Effect of tempering
A set of specimens, produced with an unheated tooling,
was subjected to a subsequent process step of tempering
in an oven at a temperature of 290 C for a duration of
17h. Figure 9 shows a noticeable increase in both crystal-
linity (a) and single lap shear strength (b) after the tem-
pering process. Proportional gains in crystallinity of 285%
(Tnp ¼ 350 C) and 219% (Tnp ¼ 410 C) are achieved.
The single lap shear strength values increase by 76% (Tnp
¼ 350 C) and 45% (Tnp ¼ 410 C), respectively.
The statistical values belonging to Figure 9 are
listed in Table 5. The maximum single lap shear
strength standard deviation is 6.19MPa.
Figure 7. Crystallinity (a) and SLS strength (b) over tooling temperature (v¼ 7.5m/min, p¼ 6 bar, untempered).
Table 3. Statistical values of crystallinity and SLS strength
(v¼ 7.5m/min, p¼ 6 bar, untempered).
Ttool (C) Tnp (C) Median
Standard
deviation
Crystallinity (%)
20 350 7.67 2.66
20 410 8.95 0.87
200 350 27.29 2.80
200 410 22.50 5.05
Single lap shear strength (MPa)
20 350 19.63 2.75
20 410 26.81 4.11
200 350 27.71 2.03
200 410 30.79 2.84
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4. Discussion
The single lap shear strength and crystallinity values
presented in the figures above show a somewhat syn-
chronic behavior with respect to the varying parame-
ters. As was to be expected, higher crystallinity values
are accompanied by higher SLS strength values.
The tape laying process with unheated tooling
results in a rapid cool down and because of the lack of
time for crystallization the polymer stays partly
amorphous [5]. This amorphous phase fraction crystal-
lizes within the cold crystallization. Therefore the exo-
thermic peak in Figure 6 is very distinct for the
unheated tooling configuration. A higher tooling tem-
perature promotes a lower cooling rate resulting in less
amorphous areas and a less distinct exothermic peak.
The results from Figure 7 show that a heated tool-
ing enhances both crystallinity and single lap shear
strength. This makes sense considering that the poly-
mer is less amorphous at a lower cooling rate. The
comparatively low crystallinity values of the unheated
tooling configuration around 8.5% contribute to small
distortion and low internal stresses.
Looking at Figure 8, the bonding strength and crys-
tallinity of CF/LM-PAEK appear to be unaffected by
increased layup speed within the tested parameter
range. In contrast, investigations of other standard
thermoplastic materials e.g. CF/PPS and CF/PEEK
showed sensitivity to the layup speed [2,3]. The
strength values decreased with increasing layup speeds,
thus low layup speeds are preferred. The insensitivity
of CF/LM-PAEK to the layup speed is an advantage
considering tape placement of big structures like air-
craft fuselages since higher layup speeds can shorten
production time and thus reduce manufacturing costs.
The additional process step of tempering increased
both crystallinity and single lap shear strength of CF/
LM-PAEK significantly (Figure 9). The polymer was fully
crystallized after that additional process step. The tem-
pering process raises the SLS strength of CF/LM-PAEK
up to 38MPa and the degree of crystallinity up to 29%.
First comparisons with other at hand standard mate-
rials as CF/PEEK and CF/PPS, which were investigated
at the same facility in Stuttgart within the scope of prior
research work [2], resulted in lower single lap shear
strength values of the CF/LM-PAEK specimens. Due to
differing process parameters and a lower fiber volume
fraction of CF/PEEK and CF/PPS (55%) compared to
60% for CF/LM-PAEK the comparability is insufficient
and needs to be investigated deeper in further studies.
5. Conclusions and outlook
The suitability of the new material CF/LM-PEAK for
the tape laying process was investigated in this paper.
Figure 8. Crystallinity (a) and SLS strength (b) over layup speed (unheated tooling, p¼ 6 bar, untempered).
Table 5. Statistical values of crystallinity and SLS strength
(p¼ 6 bar, v¼ 7.5m/min, unheated tooling).
Tempering Tnp (C) Median
Standard
deviation
Crystallinity (%)
0 350 7.67 2.66
0 410 8.95 0.87
1 350 29.55 3.84
1 410 28.53 1.63
Single lap shear strength (MPa)
0 350 19.63 2.75
0 410 26.81 4.11
1 350 34.49 6.19
1 410 38.84 6.11
Table 4. Statistical values of crystallinity and SLS strength
(unheated tooling, p¼ 6 bar, untempered).
Layup speed
[m/min] Tnp (C) Median
Standard
deviation
Crystallinity (%)
7.5 350 7.67 2.66
7.5 410 8.95 0.87
15 350 8.89 0.75
15 410 9.40 0.96
Single lap shear strength (MPa)
7.5 350 19.63 2.75
7.5 410 26.81 4.11
15 350 26.05 1.96
15 410 25.87 1.65
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For this purpose a range of specimens was produced
using varying process parameters. It was demon-
strated, that good consolidation can be achieved in the
tape laying process with CF/LM-PAEK. Mechanical
and thermal material properties were identified by
means of single lap shear tests and differential scan-
ning calorimetry. The correlation of crystallinity and
single lap shear strength was pointed out. An increase
in SLS strength and crystallinity was obtained with
200 C tooling temperature and also by a post manu-
facturing tempering process. Hence both these thermal
treatments are conceivable to optimize the process. Its
insensitivity to layup speed makes CF/LM-PAEK a
promising material for AFP-production of large-scale
components. For enhanced material properties, a tem-
pering post process step can be added. Though the
major advantage of in-situ consolidation, which is
the one step AFP process, would be omitted, a tem-
pering process in an oven with no need for a vacuum
build-up is still favorable compared to an even more
cost-intensive autoclave consolidation. The most cost-
efficient process constellation might be fast AFP on a
cold tooling with a free standing post cure process to
increase crystallinity and SLS strength.
The impact of the fiber volume fraction of the
tape material on interlaminar bonding of in-situ
AFP-produced laminates needs to be investigated.
The tradeoff between a higher fiber content and
thus higher specific strength of the composite and a
higher proportion of matrix, which might contribute
to an increased interlaminar bonding, needs to be
quantified. This will then also enable an adequate
comparison with other prepreg materials.
The limit of the layup speed needs to be explored
in subsequent studies. Investigations on the varying
standard deviations are ongoing. Furthermore the
behavior of CF/LM-PAEK throughout laminate pro-
duction and the resulting laminate properties will be
topics of interest in the upcoming studies.
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Figure 9. Crystallinity (a) and SLS strength (b) over layup speed (p¼ 6 bar, v¼ 7.5m/min, unheated tooling).
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